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(54) Bidirectional optical transmission system for dense interleaved wavelength division 
multiplexing 



(57) An optical fiber amplifier and filtering apparatus 
and method for a bidirectional wavelength-division-mul- 
tiplexing (WDM) system having odd and even inter- 
leaved channels is disclosed. The apparatus uses 
optical circulators, in-fEber Bragg gratings, and erbium- 
doped fiber amplifiers to amplify channels traveling in 
opposite directions in a WDM system and to filter 
unwanted ASE and biack reflection noise between the 
channels. Interface circulators positioned at opposite 
ends of the apparatus respectively receive odd and 



even channels traveling in opposite directions in the 
WDM system and pass the channels through an 
erbium-doped fiber amplifier. Other circulators direct the 
amplified channels to two series of Bragg gratings that 
respectively reflect only the odd channels and pass only 
the even channels or vice versa, thereby filtering ASE 
and other noise located between the channels. An addi- 
tional amplifier may boost the channels before they exit 
the apparatus via the interface circulators. 
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Description 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates generally to the 
field of wavelength division multiplexing within optical 
transmission systems, and more particularly to the field 
of wavelength division multiplexing having bidirectional 
transmission for interleaved optical signals amplified 
with rare-earth doped fiber amplifiers. 
[0002] Optical transmission systems often includes 
optical amplifiers in their transmission paths to avoid 
excessive attenuation of a transmitted optical signal. 
The optical amplifier can be a length of optical fiber 
doped with a rare-earth element, for example erbium. 
These rare-earth-doped fiber amplifiers provide amplifi- 
cation of a characteristic transmission signal bandwidth 
when they are simultaneously stimulated or purnped 
with a characteristic pump wavelength. For fiber amplifi- 
ers doped with erbium, the characteristic pump rave- 
length is generally either 980 nm or 1480 nm, which 
results in a stimulated emission spectrum for the ampli- 
fier across a band of about 1530-65 nm. Therefore, the 
erbium-doped fiber amplifier will amplify transmission 
signals passing through it at these wavelengths. It is 
also known, e.g., from Electronics Letters, Vol. 26, No. 
20, 27 Sept. 1990, p. 1645-46, that an erbium doped 
fiber amplifier can provide amplification in the 1570- 
1610 nm wavelength band, by appropriate selection of 
pumping conditions, active fiber doping and length. 
Wavelength-division-multiplexing (WDM) systems that 
transmit a plurality of information signals as modulated 
channels along a single optical path must use channel 
wavelengths that correspond with the stimulated emis- 
sion spectrum particular to the erbium-doped fiber 
amplifier. In general, the erbium-doped fiber amplifier 
will amplify transmission signals passing through it at 
wavelengths in an extended band of about 1525-1610 
nm or in sub-bands of the extended band: The following 
description will refer to a band of 1530-1565 nm. How- 
ever, by making obvious changes the skilled in the art 
can apply the teaching of the invention to an extended 
band, for example from 1525 nm to 1610 nm, to sub- 
bands of the extended band or to other wavelength 
bands, as needed, in particular if active substances 
other than erbium are used. 

[0003] In addition to generating stimulated emission 
due to the introduction of a characteristic pump wave- 
length, rare-earth doped fiber amplifiers also tend to 
generate unwanted amplified spontaneous emission 
(ASE). ASE, when subject to a high gain within the 
amplifier, contributes a substantial light level at the out- 
put of the amplifier and can saturate the amplifier out- 
put. Moreover, the ASE is nearly proportional to the 
amplifier gain, and therefore, the ASE spectrum is simi- 
lar to the gain spectrum. 

[0004] ASE also causes problems more specific to 
WDM systems. As mentioned, WDM systems carry a 



plurality of channels of modulated information over a 
common transmission medium, and when erbium- 
doped fiber amplifiers are used, generally have a carrier 
wavelength between about 1530 nm and 1565 nm. 

5 When the number of channels in a WDM system 
becomes dense, e.g. equals or exceeds sixteen (16), 
the wavelength spacing between the channels becomes 
practically small. As the spacing decreases, potential 
problems in differentiating between the channels arise, 

10 as do problems with increased crosstalk and decreased 
signal-to-noise ratio. 

[0005] Fig. 1 illustrates the representative spectra of 
ASE noise generated by a typical erbium-doped fiber 
amplifier. The curve 100 in Fig. 1 depicts the ASE noise, 

15 which is similar to the stimulated emission spectra for 
the fiber amplifier. Signals 110 and 120 represent two 
generic wavelengths of a WDM system that are cen- 
tered at predetermined wavelengths within the band- 
width 130 of an erbium-doped fiber amplifier in the 

20 system, which would span about 1530-65 nm. As 
shown in Fig. 1 , the ASE noise creates a signal-to-noise 
ratio 140 for the WDM channels. 
[0006] Several patents and publications have 
addressed techniques for removing ASE noise in a fiber 

25 amplifier system. U.S. Patent No. 5,260,823 to Payne et 
aL, for example, discloses particular advantages in 
locating a filter within the length of a ftoer amplifier 
rather than at its end to remove ASE noise. The '823 
patent states that an optical band-stop filter can be 

30 incorporated in the fiber at appropriate points using, for 
instance, thin colored-glass filters, Fabry-Perot filters, 
and Bragg filters. U.S. Patent No. 5,283,686 to Huber 
discloses an arrangement having a circulator and a 
Bragg grating coupled to an erbium-doped fiber ampli- 

35 fier. A desired signal and undesired ASE enter a first 
port of the circulator from the fiber amplifier, and a 
Bragg grating attached to the second port of the circula- 
tor reflects the desired signal and allows the ASE to 
pass. According to the '686 patent, the desired signal 

40 returns to the circulator and exits from a third circulator 
port. 

[0007] EP 729,248 discloses a bidirectional system for 
multichannel optical fiber communications. Fig. 2 in EP 
729,248 illustrates bidirectional amplifier for interleaved 

45 channels f1 , f2, f3, and 14, where f 1 and f3 propagate in 
one direction and f2 and f4 propagate in the opposite 
direction. Channels f 1 and f3 travel west to east in Fig. 
2 of EP 729,248, rotate through circulator 20, are 
reflected by Bragg gratings 28 and 29, respectively, 

so pass through amplifier 22, rotate through circulator 21, 
and exit from the system. Channels f2 and f4 travel in 
the opposite direction but interact with circulator 21, 
Bragg gratings 30 and 31, amplifier 23, and circulator 
20. Bragg gratings 28-31 are used as filters in the bidi- 

55 rectional system but filter the channels as they enter the 
amplifier structure. As a result, the Bragg gratings in EP 
729,248 do not filter ASE introduced by amplifiers 22 
and 23. 
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[0008] Barnard et al., "Bidirectional Fiber Amplifiers/ 
IEEE Photonics tech. Lirs., Vol. 4, No. 8, pp. 911-13 
(1992) discloses a bidirectional erbium-doped ffoer 
amplifier module that uses directional couplers to sepa- 
rate eastbound and westbound signals for amplification 
in separate fiber amplifiers. This paper recognizes that 
multiple reflection-induced relative intensity noise, e.g. 
due to Rayleigh back scattering, may lead to a power 
penalty for a bidirectional amplifier module. For direct 
digital detection at a desired bit error rate of 10" 9 , this 
power penalty is disclosed as: 

penalty = -5 log [1 -144 R eff 2 ], (1) 

where the effective reflectance R eff equals R 1 R 2 12 for 
discrete reflections with intensity reflection coefficients 
R t and R 2 , while Reff equals Rb©/V2 for Rayleigh back 
scattering, with R^ « 32 dB for fibers longer than 20 km. 
If an unisolated optical amplifier with gain G is located 
between the reflections, the effective reflectance 
increases to GR eff . To help minimize the power penalty, 
the paper discloses that non-overlapping optical bands, 
e.g. 1525-35 nm and 1550-60 nm, could be assigned to 
the signals in opposite directions by adding narrow 
band pass optical filters to each unidirectional path in 
the directional amplifier module. 
[0009] Applicants have discovered that with the 
increased density of channels in WDM systems and the 
use of a bidirectional architecture using interleaved 
channels or interleaved packets of channels, the effi- 
cient removal of ASE noise, of other noise reflections 
between the channels of the system and of the echo of 
the channel themselves, due to reflection or back scat- 
tering, has a heightened importance to enabling a close 
channel-to-channel spacing for the system, for given 
spectral characteristics of the available wavelength 
selective components used to separate the signals at 
the various wavelengths. 

[001 0] Applicants have further found that an arrange- 
ment of optical circulators and Bragg gratings with rare- 
earth doped fiber amplifiers can provide a compact and 
practical apparatus for amplifying interleaved, bidirec- 
tional channels or packets of channels while removing 
unwanted ASE between them and protecting the sys- 
tem from interferometric noise due to unwanted reflec- 
tions at fiber interfaces or due to Rayleigh back 
scattering in transmission fibers. 

SUMMARY OF THE INVENTION 

[0011] In accordance with the present invention, an 
optical transmission system has been designed to opti- 
mize the use of Bragg gratings, such as fiber gratings, to 
eliminate noise from multiplexed optical signals in a bidi- 
rectional optical transmission system. The system 
includes two groups of channels propagating in oppo- 
site directions that are reflected and filtered by two 
groups of fiber gratings Each group of fiber gratings 



reflects one group of channels but passes and filters the 
other group of channels. The combination of reflecting 
and filtering each group of channels greatly reduces the 
amount of ASE created by the optical amplifiers in the 

5 bidirectional optical transmission system and protects 
the system from interferometric noise due to unwanted 
reflections of fiber interfaces or due to Rayleigh back 
scattering from transmission fibers. 
[0012] To obtain the advantages and in accordance 

10 with the purpose of the invention, as embodied and 
broadly described herein, a bidirectional optical ampli- 
fier consistent with the present invention amplifies a first 
and second series of wavelengths, where the second 
series of wavelengths is interleaved with the first series 

is of wavelengths and travels in an opposite direction. The 
amplifier includes a first port for receiving the first series 
of wavelengths; a second port for receiving the second 
series of wavelengths; a first active fiber coupled to 
receive and amplify the first series of wavelengths from 

20 the first port; and a second active fiber coupled to 
receive and amplify the second series of wavelengths 
from the second port. The amplifier further includes a 
first set of fiber gratings having one end coupled to 
receive the first series of wavelengths amplified by the 

25 first active fiber and another end coupled to receive the 
second series of wavelengths amplified by the second 
active fiber, where the first set has reflection wave- 
lengths corresponding substantially to the first series of 
wavelengths. As well, the amplifier includes a second 

30 set of fiber gratings having one end coupled to receive 
the first and second series of wavelengths from the one 
end of the first set of fiber gratings, where the second 
set has reflection wavelengths corresponding substan- 
tially to the second series of wavelengths; a third active 

35 fiber, coupled to receive and amplify the first series of 
wavelengths from another end of the second set of fiber 
gratings, where the third active fiber is positioned to out- 
put the amplified first series of wavelengths to the sec- 
ond port; and a fourth active fiber, coupled to receive 

40 and amplify the second series of wavelengths reflected 
by the second set of fiber gratings, where the fourth 
active fiber is positioned to output the amplified second 
series of wavelengths to the first port. 
[001 3] In another aspect, an apparatus consistent with 

45 the present invention for amplifying bidirectional, inter- 
leaved wavelength -division-multiplexed (WDM) signals 
includes a first bidirectional transfer device positioned to 
receive eastbound WDM signals; a second bidirectional 
transfer device positioned to receive westbound WDM 

so signals; an eastbound fiber amplifier positioned 
between the first and second bidirectional transfer 
devices for amplifying the eastbound WDM signals; a 
westbound fiber amplifier positioned between the sec- 
ond and first bidirectional transfer devices for amplifying 

55 the westbound WDM signals; and a filtering module 
positioned between the eastbound and westbound fiber 
amplifiers. The filtering module includes a first filter for 
reflecting toward a second filter the eastbound WDM 
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signals entering an end of the first filter from the east- 
bound fiber amplifier and for passing toward the second 
filter the westbound WDM signals entering an opposite 
end of the first filter from the westbound fiber amplifier; 
and the second filter for reflecting toward the first bidi- 5 
rectional transfer device the westbound WDM signals 
entering an end of the second filter from the first filter 
and for passing toward the second bidirectional transfer 
device the eastbound WDM signals. 
[0014] In addition, a method for transmitting optical 10 
signals, consistent with the present invention, includes 
the steps of amplifying a first plurality of signals having 
different wavelengths, reflecting each of the amplified 
plurality of signals with a first plurality of Bragg gratings, 
filtering each of the reflected first plurality of signals with 15 
a second plurality of Bragg gratings, and amplifying the 
filtered first plurality of signals. The method also 
includes the steps of amplifying a second plurality of 
signals having different wavelengths interleaved with 
the first plurality of signals, filtering each of the amplified 20 
second plurality of signals with the first plurality of Bragg 
gratings, reflecting each of the filtered second plurality 
of signals with the second plurality of Bragg gratings, 
and amplifying the reflected second plurality of signals. 
[0015] It is to be understood that both the foregoing 25 
general description and the following detailed descrip- 
tion are exemplary and explanatory only and are not 
restrictive of the invention, as claimed. The following 
description, as well as the practice of the invention, set 
forth and suggest additional advantages and purposes 30 
of this invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] The accompanying drawings, which are incor- 35 
porated in and constitute a part of this specification, 
illustrate embodiments of the invention and, together 
with the description, explain the advantages and princi- 
ples of the invention. 

40 

Fig. 1 is a graph of representative spectra of ampli- 
fied spontaneous emission in an erbium-doped 
fiber amplifier in a WDM system with two channels; 
Fig. 2 is a schematic diagram of a first embodiment 
of the present invention for amplifying and filtering 45 
bidirectional, interleaved WDM channels; 
Fig. 3 is a graph of an experimental test of the 
amplifier module of Fig. 2; 
Fig. 4 is a graph of an expected performance of the 
first embodiment of the present invention in a WDM so 
system with two channels; and 
Fig. 5 is a schematic diagram of a second embodi- 
ment of the present invention for amplifying and fil- 
tering bidirectional, interleaved WDM channels. 

55 

DESCRIPTION OF THE PREFERRED EMBODIMENT 
[001 7] Reference will now be made to various embod- 



iments according to this invention, examples of which 
are shown in the accompanying drawings and will be 
obvious from the description of the invention. In the 
drawings, the same reference numbers represent the 
same or similar elements in the different drawings 
whenever possible. 

[0018] This invention relates to a bidirectional optical 
transmission system that optimizes the use of in-fiber 
Bragg gratings to eliminate noise from multiplexed opti- 
cal signals in the bidirectional optical transmission sys- 
tem. Fig. 2 is a block diagram of a bidirectional optical 
amplifier module 200 consistent with the present inven- 
tion. Module 200 includes two ports 205 and 260, four 
optical circulators 210, 225, 230, and 245, four optical 
amplifiers 215, 220, 235, and 240, and two groups of in- 
fiber Bragg gratings 250 and 255. Module 200 generally 
provides a concise apparatus and method for bidirec- 
tionally amplifying interleaved channels and may be 
located within the transmission path of a larger WDM 
system. For example, ports 205 and 260 in module 200 
may be connected to opftical transmission fiber for a 
WDM ring network or for a long-distance link within a 
multi-link WDM system, such that module 200 serves as 
one of a plurality of optical line amplifier sections in an 
overall WDM optical transmission system. 
[0019] Port 205 is coupled to receive a first group of 
channels traveling in an inbound or east direction. As 
shown in Fig. 2, the first group corresponds to a first 
series of wavelengths indicated with odd-numbered 
subscripts X 1t A3 A^ and representing odd chan- 
nels. Similar to port 205, port 260 is coupled to receive 
a second group of channels traveling in an outbound or 
west direction. The second group of channels, however, 
corresponds to even-numbered wavelengths indicated 
with even-numbered subscripts X^ t A4, ... ( Aq 2 . The sec- 
ond or even group preferably includes the same number 
of channels as the odd group. In addition, the channels 
of the even group are preferably interleaved with the 
channels of the odd group. Thus, the even-numbered 
wavelengths are selected so that they are staggered 
with respect to the odd-numbered wavelengths. In some 
circumstances, a select number of wavelengths in either 
the odd or even wavelengths may not be available due 
to the configuration of the WDM system, however, in a 
preferred setup, each pair or wavelengths of one series, 
e.g. the odd wavelengths or channels, encompasses a 
wavelength of the other series. 
[0020] The wavelengths of the east and west series of 
wavelengths will be indicated as staggered, more gen- 
erally, even when the wavelengths of the signals of each 
of the series are separated (in frequency) by a quantity 
greater than or equal to 2D, where D indicates the mini- 
mum bandwidth (in frequency) of the wavelength selec- 
tive components used in the system to separate the 
signals at the various wavelengths. 
[0021] Alternative to an arrangement of individually 
interleaved channels, where each pair of wavelengths of 
one series encompasses a wavelength of the other 
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series, multiple wavelengths of each series may be 
grouped together in respective multiple packets. The 
packets of channels in one series may then be inter- 
leaved with packets of channels from the other series, 
such that each pair of packets of one series encom- 
passes a packet of the other series. 
[0022] As mentioned, the odd and even groups pref- 
erably have the same number of channels. The two 
groups, although preferably including sixteen channels 
each, may include more or fewer channels. The number 
of wavelengths corresponding to the number of optical 
channels used for transmission in each direction may be 
selected in relation to the characteristics of the telecom- 
munication system in which module 200 is imple- 
mented. In particular, in a telecommunication system 
according to the present invention, the number of chan- 
nels in the system may be increased to increase the 
transmitting capacity of the system, e.g. to accommo- 
date an increased traffic demand. 
[0023] The useful amplification band of the amplifiers 
may also be constituted of two or more distinct spectral 
bands separated by spectral bands not well-suited for 
signal transmission or amplification, e.g. due to the par- 
ticular spectral characteristics of the amplifiers or optical 
fibers employed in the telecommunication system. In 
this case, the wavelengths of the communication chan- 
nels may, for example, be selected such that the corre- 
sponding frequencies are equally spaced within each 
individual spectral band, with the separation between 
adjacent channels propagating in the same direction 
greater than or equal (in frequency) to twice the value D. 
[0024] In an example, each of the channels in the odd 
group is separated by 200 GHz and each of the chan- 
nels in the even group a separated by 200 GHz. Since 
the channels of both groups are preferably interleaved, 
a channel of one group would lie halfway in between a 
pair of channels in the other group. For example, *2 
would be 100 GHz below Xg, and 100 GHz above 
Note that since the speed of light, c, is equal to the prod- 
uct of channel wavelength and channel frequency, the 
above separations could also be determined by wave- 
length. The channels could also be unevenly spaced if 
desired, for instance to offset any four-wave mixing 
effects in the overall transmission system. 
[0025] Turning again to Fig. 2, ports 205 and 260 pass 
the odd group and even group of channels to optical cir- 
culators 210 and 245. respectively. Optical circulators 
210, 225, 230, and 245 are each conventional three- 
port optical circulators. Each port of the circulator an 
both input and output a signal. In addition, as shown, 
each optical circulator transmits unidirectionally the 
radiation input at each of the ports to only the next circu- 
lator port in sequence. In the three-port circulators of 
Fig. 2, the rotational sequence is in a clockwise direc- 
tion. Thus, a signal received at a port is input to the cir- 
culator at an input port and passed in a clockwise 
direction to the next port of the circulator, which outputs 
the signal. 



[0026] Optical circulators 210, 225, 230, and 245 are 
standard passive components in the optical communi- 
cations field and can be obtained from several suppli- 
ers, such as JDS FITEL Inc., 570 Heston Drive, 
5 Nepean, Ontario (CA) or E-TEK DYNAMICS, Inc., 1885 
Lundy Ave., San Jose, CA (USA). Preferably, circulators 
for use with the present invention are of the polarization- 
independent type. 

[0027] Optical circulators 210 and 245 circulate and 
w output the odd group and even group of channels to 
amplifiers 215 and 240, respectively. Amplifiers 215, 
220, 235, and 240 of module 200 am preferably erbium- 
doped fiber amplifiers Aluminum, germanium, and lan- 
thanum, or aluminum and germanium, may be advanta- 
15 geously used as secondary doping agents. The 
concentration of dopants may correspond, for example, 
to an attenuation of around 7 dB/m, for the active fiber in 
the absence of pumping. In a preferred embodiment, 
the amplifier described uses erbium-doped adtive fibers 
20 of the type presented in detail in patent application EP 
677902, in the name of the Applicant, which is herein 
incorporated by reference. 

[0028] Each amplifier is pumped, for example, by one 
or more laser diodes (not shown) to provide optical gain 

25 to the signals it amplifies. The amplifiers provide optical 
gain to each of the channels to offset attenuation. How- 
ever, in addition to providing the gain, the amplifiers also 
add noise, such as ASE, to the channels. 
[0029] Amplifier 215 amplifies and outputs the odd 

30 group of channels to optical circulator 225, which 
passes the odd group of channels to selective reflection 
filters 250. Amplifier 240 amplifies and outputs the even 
group of channels directly to selective reflection filters 
250. Selective reflection filters 250 and 255 can be, for 

35 example, in -fiber Bragg gratings or Bragg filters having 
a plurality of Bragg gratings. 

[0030] Distributed Bragg reflection optical waveguide 
filters are an example of selective reflection filters 
adapted for use in the present invention. They reflect 

40 the radiation in a narrow wavelength band and transmit 
the radiation outside that band. Each of them comprises 
a section of an optical waveguide, e.g. an optical fiber, 
along which the refractive index shows periodical varia- 
tions. If the signal portions reflected at each index 

45 change are in phase, constructive interference results 
and the incident signal is reflected. The condition for 
constructive interference, corresponding to the maxi- 
mum reflection is expressed by the relation 2 • I = V n . 
where I indicates the pitch of the grating formed by the 

so refractive index variations, is the wavelength of the 
incident radiation and n is the effective refractive index 
of the optical waveguide. The periodical refractive index 
variation in the Bragg gratings can be achieved by 
known techniques, for example by exposing a section of 

55 an optica) fiber, deprived of the protective coating, to the 
interference fringes formed by a strong UV beam (like 
the one generated by an excimer laser, a frequency- 
doubled argon laser, or a frequency-quadrupled 
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Nd:YAG laser) put into interference with, itself by an 
appropriate interferometric system, e.g. by a silicon 
phase mask, as described in U.S. Patent No. 5,351 ,321 . 
[0031] Each grating only reflects light propagating 
through the fiber within a very narrow range around a s 
central wavelength. Using commonly known tech- 
niques, Bragg grating fitters can be obtained with a -0.5 
dB band of reflected wavelengths that is typically only 
0.3-0.4 nm wide and a -20 dB band of reflected wave- 
lengths of about 1 nm or less, with reflectivity up to 99% w 
in the centre of the band. A central wavelength change 
with temperature can be obtained not higher than 0.02 
nm/°C. Due to possible temperature fluctuations, Bragg 
. gratings 250 and 255 may be associated with a stand- 
ard Peltier cell, which is a conventional temperature sta- is 
bilization device readily known and available to those of 
ordinary skill in the art, or other conventional tempera- 
ture stabilization means. 

[0032] Turning to Fig. 2, the individual gratings within 
distributed Bragg grating 250 are set to reflect respec- 20 
tively each of the odd group of channels, but pass each 
of the even group of channels. Conversely, the gratings 
of fiber gratings 255 are set to reflect each of the even 
group of channels and pass each of the odd group of 
channels. Each of the gratings may be chirped if 25 
desired, to compensate for dispersion. The center-band 
reflectivity may change from grating to grating, to flatten 
or otherwise shape the amplification spectrum. 
[0033] In fiber gratings 250, the gratings reflect the 
odd group of channels, but pass the signals located 30 
between the channels, which includes noise and ASE. 
Thus, the reflection of a channel by a fiber grating 
serves to eliminate noise ASE located between the 
channels, either created by amplifier 2 1 5 or due to back 
reflection of even channels at fiber interfaces, e.g. from 35 
Rayleigh back scattering. With narrow-band Bragg grat- 
ings, i.e. with a reflection band of less than 1 nm and 
preferably less than 0.5 nm, the signal reflected by the 
fiber gratings reflects essentially only the data signals 
that correspond to the odd group of channels. In addi- 40 
tion, by separating the channels from the noise and 
ASE located between the channels, the signal-to-noise 
ratio (SNR) for the channels is enhanced. Fiber gratings 
250 are particularly advantageous in minimizing inter- 
ferometric noise caused by reflections from fiber inter- 45 
faces or Rayleigh back scattering, as discussed further 
below. 

[0034] After passing unref lected through fiber gratings 
250, the ASE and other noise generated by amplifier 
21 5 or caused by back reflection travels to the output of so 
amplifier 240. Amplifier 240 preferably includes an isola- 
tor (not shown) positioned at its output that prohibits the 
passage of signals into amplifier 240. Opto-isolators are 
commonly available on the market from such suppliers 
as ISOWAVE, 64 Harding Avenue, Dover, NJ (USA). As ss 
a result, the ASE and other noise separated at fber 
gratings 250 are extinguished by the isolator at amplifier 
240. 
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[0035] After being reflected by gratings 250, the odd 
group of channels return to circulator 225 and rotate to 
the third port of the circulator. At this port, the odd group 
of channels exits and enters circulator 230 at a second 
port of that device. Circulator 230 ratates the odd group 
of channels to the next port, where they exit and pass 
into Bragg gratings 255. In contrast to Bragg gratings 
250, filter 255 has Bragg gratings with reflection wave- 
lengths equal to the even channels. As a result, the odd 
channels entering filter 255 from circulator 230 pass 
through filter 255 and proceed to the next amplifier 235. 
Due to the interleaved arrangement of channels in mod- 
ule 200, the center wavelengths of the Bragg gratings in 
filter 255 coincide with the wavelengths between the 
odd channels. Thus, filter 255 acts as a notch filter to 
remove any additional ASE or other type of noise 
present in the narrow bands between the odd channels, 
i.e. the wavelengths corresponding to the even chan- 
nels, which prevents generation of any substantial 
amount of interferometric noise, and allows operation of 
the amplifier with a dense channel spacing. 
[0036] After exiting the filter 255, the odd channels 
pass through an ASE peak suppression filter 257 and 
enter the second amplifier. ASE peak suppression filter 
257 serves to remove ASE at wavelengths outside the 
bandwidth of the WDM system and will be discussed in 
more detail below with respect to the transmission of 
even channels through module 200. Fiber amplifier 235, 
which preferably although not restrictively is doped with 
erbium, further amplifies the odd channels and is 
optional to the performance of the present invention. As 
with the other amplifiers in module 200, amplifier 235 
includes at least one laser diode source for providing 
pumping radiation, typically of either 980 nm or 1480 
nm, for the amplifier. As also with the other amplifiers, 
amplifier 235 may comprise a single-stage or a multi- 
stage configuration, depending on the system require- 
ments. As well, amplifier 235 may have an opto-isolator 
(not shown) positioned at its input to prohibit unwanted 
reflections or similar noise from entering the amplifier. 
[0037] Preferably, amplifier 235 operates in a satu- 
rated condition. This mode of operation for amplifier 235 
helps to create an increased power boost to the odd 
channels before they exit module 200. As well, operat- 
ing amplifier 235 in saturation will minimize the amount 
of ASE generated by that amplifier. In a saturated con- 
dition, amplifier 235 operates with a lower gain, which 
results in less ASE. Alternatively, a filter could be added 
after the output of amplifier 235 to remove ASE gener- 
ated by this second amplifier for the odd channels, but 
the addition of such a filter adds attenuation to the over- 
all amplifier module. 

[0038] After being amplified in amplifier 235 and exit- 
ing, the odd channels enter circulator 245, which 
passes them to port 260. Port 260, of course, may be 
connected to the optical transmission path (not shown) 
of a WDM system for transmitting the amplified odd 
channels. 
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[0039] In the opposite direction in the bidirectional 
amplifier module 200, even channels X 4 , .... Aq 2 
enter module 200 from port 260 and travel east to west 
in Fig. 2. These even channels undergo similar filtering 
and amplification in module 200 as do the odd chan- s 
nels. At first, circulator 245 rotates the received even 
channels from port 260 to the next clockwise port, 
where they exit. Theteven channels then enter amplifier 
240, which provides amplification to the even channels 
while operating in a linear mode but also introduces w 
unwanted ASE and other noise. As with the other ampli- 
fiers in module 200, amplifier 240 is a rare-earth doped 
fiber amplifier, preferably doped with erbium, and may 
comprise a single-stage or multi-stage amplifier as 
needed. 

[0040] After being amplified in amplifier 240, the even 
channels pass through standard optical fiber to filter 
250. As mentioned, filter 250 is a selective reflection fil- 
ter that preferably is a Bragg filter having a plurality of 
Bragg gratings at predetermined centre wavelengths 
that correspond to the odd channel wavelengths. When 
the even channels with ASE travel through filter 250, 
noise is reflected that is positioned at wavelengths 
between the even channels that are within the reflection 
band of the gratings, i.e. within a narrow band around 
the odd channel wavelengths. Thus, fitter 250 acts as a 
notch filter for the even wavelengths and improves the 
isolation from unwanted reflections of the odd channels 
at ports 260, 205, e.g. due to Rayleigh back scattering. 
Otherwise, the even channels pass through filter 250 
and enter circulator 225, which rotates them clockwise 
to the next port and outputs them to circulator 230. Cir- 
culator 230 in turn performs the same function and out- 
puts the even channels to filter 255. 
[0041] As mentioned, filter 255 is also a selective 
reflective filter that preferably is a Bragg filter having a 
plurality of Bragg gratings at predetermined center 
wavelengths that correspond to the even channel wave- 
lengths. Consequently, filter 255 reflects the even chan- 
nels and a narrow band, i.e. less than 1 nm and 
preferably less than 0.5 nm, back to circulator 230 and 
passes all other signals. ASE accumulated from ampli- 
fier 240 and other noise is therefore removed from the 
even channels. The even wavelengths are then rotated 
clockwise in circulator 230 and exit into amplifier 220. 
[0042] Like amplifier 235, amplifier 220, which prefer- 
ably although not restrictively is doped with erbium, fur- 
ther amplifies the channels and is optional to the 
performance of the present invention. As with the other 
amplifiers in module 200, amplifier 220 includes at least 
one laser diode source for providing pumping radiation, 
typically of either 980 nm or 1 480 nm, for the amplifier. 
As also with the other amplifiers, amplifier 220 may 
comprise a single-stage or a multi-stage configuration, 
depending on the system requirements. 
[0043] Preferably, amplifier 220 operates in a satu- 
rated condition. This mode of operation for amplifier 220 
helps to create an increased power boost to the even 



channels before they exit module 200. As well, operat- 
ing amplifier 220 in saturation will minimize the amount 
of ASE generated by that amplifier. In a saturated con- 
dition, amplifier 220 operates with a lower gain, which 
results in less ASE. Alternatively, a filter could be added 
after the output of amplifier 220 to remove ASE gener- 
ated by this second amplifier for the even channels, but 
the addition of such a filter adds attenuation to the over- 
all amplifier module. 

[0044] Applicants have found that despite the use of 
f foer gratings 250 and 255 to remove ASE and other 
noise and provide better channel-to-channel isolation, 
oscillation or ringing at wavelengths outside the band- 
width of the WDM system may arise due to reflections at 
port 260. Moreover, Applicants have found that by using 
ASE peak suppression filter 257, which is positioned 
between fiber gratings 255 and amplifier 235, possible 
loss of output power for module 200 is prevented. 
[0045] In particular, for the even channels, amplifier 
240 generates ASE and other noise that are at wave- 
lengths outside both the odd and even channel wave- 
lengths of the WDM system. While fiber gratings 250 
and 255 help to improve the channel-to-channel isola- 
tion for the even channels as they pass to the second 
amplifier 220, these gratings do not filter out noise at 
wavelengths that are higher than the highest even chan- 
nel wavelength or lower than the lowest even channel 
wavelength. These extreme noise wavelengths pass 
through fiber gratings 250, circulators 225 and 230, and 
f foer gratings 255. Additional ASE noise is generated by 
amplifier 235. ASE peak suppression filter 257, how- 
ever, removes these extreme noise wavelengths from 
module 200. ASE filter, or another filter in series with 
ASE filter (not shown), may also remove ASE at wave- 
lengths that are not used for transmission (if any) if no 
grating is provided at those wavelengths, so as to keep 
ASE power low. 

[0046] Without the use of filter 257, the extreme noise 
wavelengths would pass through amplifier 235 and cir- 
culator 245 and may be reflected by port 260. Then, the 
extreme noise wavelengths would reenter module 200, 
passing back through amplifier 240, gratings 250, circu- 
lator 225, circulator 230, and gratings 255, thereby cre- 
ating an oscillation or ringing from the loop-back. Such 
a ringing, while outside the channel wavelengths, would 
cause a detrimental and undesired loss of output power 
to module 200. ASE peak suppression filter 257 effec- 
tively removes the extreme noise wavelengths and 
avoids any ringing. The placement of ASE peak sup- 
pression filter 257 between amplifiers 215 and 235 
ensures that the second amplifier 235 can compensate 
for the loss of power caused by filter 257. 
[0047] Due to the layout of module 200, only one ASE 
peak suppression filter 257 is required. On the odd 
channel input side, noise at wavelengths that are higher 
than the highest odd channel wavelength or lower than 
the lowest odd channel wavelength generated by ampli- 
fier 215 rotate through circulator 225 and pass through 
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fiber gratings 250. As mentioned, the isolator (not 
shown) at the output of amplifier 240 blocks the pas- 
sage of all wavelengths including the extreme noise 
wavelengths. As a result, ringing or oscillation caused 
by a loop-back of reflections from port 205 does not 
exist as it may at port 260 on the even channel input 
side. 

[0048] Fig. 3 shows a graph of test results for module 
200 without filter 257, which illustrates the deleterious 
oscillation present on the even channel line. In the 
graph, plot 310 corresponds to the output obtained from 
module 200 when operated in a WDM system operating 
with four even channels 320, 330, 340, and 350. As 
mentioned, the loop-back of noise at wavelengths 
beyond the channel wavelengths causes a ringing 
depicted by 360 in Fig. 3. In a further test ASE peak 
suppression filter 257 was added in module 200. Plot 
395 in Fig.3 shows the odd channels that are traveling in 
the opposite direction in module 200. The odd channels 
in the test setup for Fig. 3 had three channels desig- 
nated as 380, 385, and 390 as shown on plot 395. Addi- 
tion of an ASE peak suppression filter avoids the 
oscillation 360 and improves the output power the chan- 
nels and the signal-to-noise ratio. 
[0049] As mentioned above, the optical arrangement 
of the present invention helps to minimize interferomet- 
ric noise caused by back reflections such as Rayleigh 
back scattering or reflections from fiber interfaces. In 
particular, amplified signals traveling eastbound and 
exiting amplifier module 200 at circulator 245 and west- 
bound signals exiting the module at circulator 210 may 
lead to reflections, or echoes, at interfaces with optical 
fiber at ports 205 and 260, respectively. Of course, echo 
signals as described may also arise from Rayleigh back 
scattering from optical fiber lines attached to module 
200. The eastbound, or odd, channels may cause ech- 
oes at the odd wavelengths that pass from port 260 into 
circulator 245. These odd-wavelength echoes will mix 
with the even channels traveling westbound in amplifier 
module 200. The arrangement of fiber gratings 250 will 
help to remove these odd-wavelength echoes in a man- 
ner described above. Similarly, fiber gratings 250 will 
pass even-wavelength echoes that re-enter module 200 
via circulator 210, so that the even-wavelength echoes 
are dissipated by the isolator (not shown) coupled to the 
output of fiber amplifier 240. 

[0050] Moreover, based on Equation (1) above, Appli- 
cants have determined that a preferred combination of 
components for module 200 will ensure that any echo 
signals have power difference of 26 dB below the corre- 
sponding channel wavelengths so that interferometric 
noise in module 200 is avoided! One of ordinary skill in 
the art will understand that a selection of appropriate 
devices for the amplifiers, circulators, gratings, etc. of 
module 200 can readily be accomplished to achieve a 
26 dB difference. 

[0051] Thus, each fiber grating, among other things, 
contributes to filtering both during reflection and during 



transmission, what helps to avoid interferometric noise 
while providing clean wavelength regions between 
channels for isolation so that narrower channel-to-chan- 
nel spacing can be attained in a bidirectional amplif ica- 

5 tion system in comparison with systems using fiber 
gratings only as reflection filters. 
,[0052] Fig. 4 illustrates an expected performance of 
module 200 for two representative channels 110 and 
120 of a WDM system, as measured along the fiber 

10 connecting circulators 225 and 230. As mentioned, the 
fiber gratings in module 200 filter out much of the ASE 
noise surrounding the channels. The gratings, however, 
have a bandwidth wider than the signal width so that the 
gratings do not eliminate any of the information from the 

75 channels. Curve 100 in Fig. 4 shows the remaining ASE 
spectrum remaining around channels 1 and 3. When 
compared with Fig. 1, Fig. 4 shows the elimination of 
unwanted ASE 100 or other noise at wavelengths 
between the two channels wavelengths. As mentioned, 

20 this filtering improves the isolation for the channels as 
compared with their echo due to back reflection at ports 
260 and 205 and helps with error-free detection of the 
channels at a receiver downstream from module 200 in 
the WDM system. Furthermore, the ASE power level is 

25 reduced in comparison to conventional techniques, 
which leads to an increase of pumping power available 
to amplify the signals and to an increased gain and sig- 
nal-to-noise ratio. 

[0053] As shown in Fig. 2, module 200 includes four 

30 optical circulators, each having three ports! However, 
other designs may include a different number of optical 
circulators having the same or different number of ports. 
Fig. 5 is a block diagram of another bidirectional optical 
amplifier module 500 , consistent with the present inven- 

35 tion, having a different number of optical circulators with 
a different number of ports than module 200. 
[0054] In particular, module 500 includes only three 
optical circulators 510, 525, and 550. Also, optical circu- 
lator 525 includes four ports, whereas optical circulators 

40 510 and 550 each include three ports. However, like 
module 200, module 500 includes two ports 505 and 
555, four amplifiers, 515, 520, 540, and 545, and two 
group of fiber gratings 530 and 535. 
[0055] Module 500 operates very similarly to module 

45 200. Like module 200, module 500 receives the odd 
group of channels, which travel in an easterly or 
inbound direction at part 505 and the even group of 
channels, which travel in a westerly or outbound direc- 
tion, at part 555. Ports 505 and 555 pass the odd group 

so and even group of channels to optical circulators 510 
and 550, respectively, which in turn pass the channels 
to amplifiers 515 and 545, respectively. The amplified 
odd group of channels then passes through optical cir- 
culator 525 to fiber gratings 535. The amplified even 

55 group of channels passes directly to fiber gratings 535. 
[0056] Fiber gratings 535 includes gratings to reflect 
only signals with frequencies corresponding to the odd 
group of channels. Thus, fiber gratings 535 reflect the 



8 



15 



EP 0 928 081 A1 



16 



odd group of channels, but pass the even group, of chan- 
nels. Both group of channels then pass through optical 
circulator 525 to f toer gratings 530, which include grat- 
ings to reflect only signals with frequencies correspond- 
ing to the even group of channels. Consequently, fber 5 
gratings 530 reflect the even group of channels and 
pass the odd group of channels. 
[0057] Subsequently, the reflected even group of 
channels rotates through optical circulator 525 to ampli- 
fier 520, and the odd group of channels passed by fiber 10 
gratings 530 propagates into amplifier 540 via ASE 
peak suppression filter 537: Amplifiers 520 and 540 
amplify and pass the even group and odd group of 
channels through optical circulators 510 and 550 to 
ports 505 and 555, respectively. In the same manner a 75 
discussed above for filter 257 in module 200, filter 537 in 
module 500 avoids ringing or oscillation from occurring 
due to loop-back of ASE reflections form port 555. Con- 
sequently, the grating reflectors 535 and 530, together 
with ASE peak suppression filter 537 and circulator 525, 20 
serve as a filtering device between the respective two- 
stage amplifiers used for the odd and even groups of 
channels. 

[0058] Thus, the present invention provides a succinct 
structure for amplifying and filtering bidirectional, inter- 25 
leaved channels in a WDM system. By filtering noise, 
particularly ASE, that arises between channels in an 
interleaved system, the bidirectional amplifier and filter 
of the present invention helps to improve the signal-to- 
noise ratio of the channels in the WDM system, which 30 
leads to improved detection of the information channels 
by a downstream receiver. As well, reflection noise 
causing oscillation between connections at the 
input/output ports of the amplifier module is reduced 
due to improved isolation. Also, isolation of channels 35 
with respect to their echo due to back reflection or back 
scattering is improved. 

[0059] It will be apparent to those skilled in the art that 
various modifications and variations can be made to 
disclosed embodiments of the present invention without 40 2. 
departing from the scope or spirit of the invention. For 
instance, other narrow band wavelength-selective 
reflective devices may be used instead of in-f iber Bragg 
gratings to separate signal wavelengths from surround- 
ing noise. Other embodiments of the invention will be 45 
apparent to those skilled in the art from consideration of 
the specification and practice of the embodiments of the 
invention disclosed herein. The specification and exam- 
ples should be considered exemplary, with the true 
scope and spirit of the invention being indicated by the so 
following claims and their full range of equivalents. 

Claims 

1. A bidirectional optical amplifier for amplifying a first ss 
and second series of wavelengths, the second 
series of wavelengths being interleaved with the 
first series of wavelengths and traveling in an oppo- 



site direction, comprising: 

a first port for receiving the first series of wave- 
lengths; 

a second port for receiving the second series of 
wavelengths; 

a first active fiber coupled to receive and 
amplify the first series of wavelengths from the 
first port; 

a second active fiber coupled to receive and 
amplify the second series of wavelengths from 
the second port; 

a first set of fiber gratings having one end cou- 
pled to receive the first series of wavelengths 
amplified by the first active fiber and another 
end coupled to receive the second series of 
wavelengths amplified by the second active 
fiber, the first set having reflection wavelengths 
corresponding substantially to the first series of 
wavelengths; 

a second set of fiber gratings having one end 
coupled to receive the first and second series 
of wavelengths from the one end of the first set 
of ftoer gratings, the second set having reflec- 
tion wavelengths corresponding substantially 
to the second series of wavelengths; 
a third active fiber, coupled to receive and 
amplify the first series of wavelengths from 
another end of the second set of fiber gratings, 
the third active fiber being positioned to output 
the amplified first series of wavelengths to the 
second port; and 

a fourth active fiber, coupled to receive and 
amplify the second series of wavelengths 
reflected by the second set of fiber gratings, the 
fourth active fiber being positioned to output 
the amplified second series of wavelengths to 
the first port 

The bidirectional optical amplifier according to 
claim 1 , further comprising: 

a first optical circulator having at least three 
arms coupled respectively to the first port, the 
first active ffoer, and the fourth active fiber, for 
passing the first series of wavelengths received 
at the first port to the first active fiber and for 
passing the amplified second series of wave- 
lengths from the fourth active fiber to the first 
port; and 

a second optical circulator having at least three 
arms coupled respectively to the second port, 
the second active fiber, and the third active 
fiber, for passing the second series of wave- 
lengths received by the second port to the sec- 
ond active fiber and for passing the amplified 
first series of wavelengths from the third active 
fiber to the second port. 
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3. The bidirectional optical amplifier according to 
claim 2, further comprising: 

a third optical circulator having at least four 
arms coupled respectively to the first amplifier, s 
the first set of fber gratings, the second set of 
fiber gratings, and the fourth active fiber, for 
passing the first series of wavelengths ampli- 
fied by the first active fiber to the first group of 
fiber gratings, for passing the first and second 10 
series of wavelengths from the first set of f toer 
gratings to the second set of fiber gratings, and 
for passing the second series of wavelengths 
reflected by the second set of fiber gratings to 
the fourth active fiber. is 

4. The bidirectional optical amplifier according to 
claim 2, further comprising: 

a third optical circulator having two adjacent 20 
arms coupled respectively to the first active 
fiber and to the one end of the first set of fiber 
gratings; and 

a fourth optical circulator having two adjacent 
arms coupled respectively to the one end of the 25 
second set of fiber gratings and to the fourth 
active fiber, and a third arm connected to a third 
arm of the third optical circulator. 

5. The bidirectional optical amplifier according to 30 
claims 1 or 2, further comprising an ASE peak sup- 
pression filter positioned in an optical path between 
the second and third active fibers. 

6. The bidirectional optical amplifier according to 35 
claim 5, wherein the ASE peak suppression filter is 
optically positioned between the second set of fiber 
gratings and the third active fiber. 

7. The bidirectional optical amplifier according to 40 
claim 1, wherein the first and second active fibers 
operate in a linear mode and the third and fourth 
active fibers operate in a saturated mode. 

8. The bidirectional optical amplifier according to 45 
claim 1 , wherein consecutive ones of the first series 

of wavelengths are separated by about 200 GHz. 

9. The bidirectional optical amplifier according to 
claim 1, wherein consecutive ones of the second so 
series of wavelengths are are separated by about 
200 GHz. 

10. An apparatus for amplifying bidirectional, inter- 
leaved wavelength-division-multiplexed (WDM) sig- ss 
nals, comprising: 

a first bidirectional transfer device positioned to 



receive eastbound WDM signals; 
a second bidirectional transfer device posi- 
tioned to receive westbound WDM signals; 
an eastbound fiber amplifier positioned 
between the first and second bidirectional 
transfer devices for amplifying the eastbound 
WDM signals; 

a westbound fiber amplifier positioned between 
the second and first bidirectional transfer 
devices for amplifying the westbound WDM 
signals; and 

a filtering module positioned between the east- 
bound and and westbound fiber amplifiers, the 
filtering module including 

a first filter for reflecting toward a second 
filter the eastbound WDM signals entering 
an end of the first filter from the eastbound 
fiber amplifier and for passing toward the 
second filter the westbound WDM signals 
entering an opposite end of the first filter 
from the westbound fber amplifier; and 
the second filter for reflecting toward the 
first bidirectional transfer device the west- 
bound WDM signals entering an end of the 
second filter from the first filter and for 
passing toward the second bidirectional 
transfer device the eastbound WDM sig- 
nals. 

11- The apparatus according to claim 10, wherein the 
first bidirectional transfer device is an optical circu- 
lator with a first port optically coupled to the east- 
bound fiber amplifier, a second port optically 
coupled to the second filter, and a third port for 
inputting the eastbound WDM signals and output- 
ting the westbound WDM signals. 

12. The apparatus according to claim 12, wherein the 
second bidirectional transfer device is an optical cir- 
culator with a first port optically coupled to the west- 
bound fiber amplifier, a second port optically 
coupled to the second filter, and a third port for 
inputting the westbound WDM signals and output- 
ting the eastbound WDM signals. 

13. The apparatus according to claim 12, wherein the 
eastbound and westbound fber amplifiers com- 
prise first and second stages respectively. 

14. The apparatus according to claim 13, wherein the 
filtering module further comprises an optical circu- 
lator having at least four arms coupled respectively 
to the first stage of the inbound fber amplifier, the 
end of the first filter, the end of the second filter, and 
the second stage of the outbound fber amplifier. 

15. The apparatus according to claim 13, wherein the 
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filtering module further comprises 

a first optical circulator having two adjacent 
arms coupled respectively to the first stage of 
the inbound fiber amplifier and to the end of the s 
first filter; and 

a second optical circulator having two adjacent 
arms coupled respectively to the end of the 
second filter and to the second stage of the out- 
bound fiber amplifier, and a third arm con- 10 
nected to a third arm of the first optical 
circulator. 

16. The apparatus according to claim 13, wherein the 
filtering device further comprises an ASE peak sup- 15 
pression filter positioned in an optical path between 
the first stage of the outbound fiber amplifier and 
the second stage of the inbound fiber amplifier. 

17. The apparatus according to claim 16, wherein the 20 
ASE peak suppression filter is optically positioned 
between the second filter and the second stage of 
the inbound fiber amplifier. 

18. A bidirectional optical transmission system for 25 
transmitting bidirectional, interleaved wavelength- 
division-multiplexed (WDM) signals, comprising a 
first transmitting / receiving station, for transmitting 
eastbound WDM signals and receiving westbound 
WDM signals; so 

a second transmitting / receiving station, for 

transmitting westbound WDM signals and 

receiving eastbound WDM signals; 

an optical fiber transmission line between the 35 

first and second transmitting / receiving station, 

and 

an apparatus for amplifying bidirectional, inter- 
leaved WDM signals according to one of claims 
10-17, arranged along said optical fiber trans- 40 
mission line. 

19. A method for bidirectional transmission of optical 
signals, comprising the steps of: 

45 

amplifying a first plurality of signals having dif- 
ferent wavelengths; 

reflecting each of the amplified plurality of sig- 
nals with a first plurality of Bragg gratings; 
filtering each of the reflected first plurality of so 
signals with a second plurality of Bragg grat- 
ings; 

amplifying the filtered first plurality of signals; 
amplifying a second plurality of signals having 
wavelengths different from the first plurality of 55 
signals; 

filtering each of the amplified second plurality 
of signals with the first plurality of Bragg grat- 



ings; 

reflecting each of the filtered second plurality of 
signals with the second plurality of Bragg grat- 
ings; and 

amplifying the reflected second plurality of sig- 
nals. 

20. A method for bidirectional transmission of optical 
signals according to claim 19. wherein the wave- 
lengths of the first plurality of signals are inter- 
leaved with the wavelengths of the second plurality 
of signals. 

21. A method for bidirectional transmission of optical 
signals according to claim 19, wherein the wave- 
lengths of the first plurality of signals form first pack- 
ets of adjacent wavelengths, the wavelengths of the 
second plurality of signals form second packets of 
adjacent wavelengths and the first and second 
packets of wavelengths are interleaved. 
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